Abstract. Our previous study has shown that the corrected QT (QTc) interval of the electrocardiogram is longer during the dark period than during the light period in telemetered common marmosets. In the present study, we investigated the involvement of sympathetic and parasympathetic nervous activities in the changes of QTc interval associated with the light-dark cycle. Telemetry transmitters were implanted in six common marmosets to continuously record the electrocardiogram. The QT intervals obtained were corrected for the RR interval by applying individual probabilistic QT-rate correction formulae. Power spectral analysis of heart rate variability was performed to quantify each autonomic nervous function. Changes in QTc intervals and autonomic nervous tones were associated with the light-dark cycle. Parasympathetic nervous activity and QTc intervals significantly increased by approximately 10 ms during the dark period. Atropine, a muscarinic receptor antagonist, suppressed the increased parasympathetic tone and QTc prolongation during the dark period. In contrast, propranolol, a β-adrenoceptor antagonist, decreased the sympathetic activity and increased QTc intervals during the light period. These results suggest that the parasympathetic nerve functions prolong QTc intervals during the dark period, while the sympathetic nerve functions shorten them during the light period in common marmosets.
Introduction
QT interval prolongation is currently considered to be an important surrogate marker for assessing the risk of life-threatening polymorphic tachyarrhythmia known as Torsades de Pointes (TdP) (1). As several marketed drugs were withdrawn because of the risk of QT prolongation, the pharmaceutical industry needs a reliable preclinical assay to evaluate the potential of drug candidates to prolong QT interval (2 -4). Autonomic nervous activity seems to be one of the factors that influence QT intervals (5 -8) . The circadian pattern of autonomic tone has been reported to be correlated with the diurnal variation of corrected QT (QTc) intervals in humans (5, 6) . A continuous infusion of trimethaphan, an antagonist of nicotinic receptors in autonomic ganglia, was also shown to dose-dependently prolong QTc intervals in healthy humans (7) . Moreover, in a dog telemetry model, the QT interval at high parasympathetic or low sympathetic tone was significantly longer than that at the low parasympathetic or high sympathetic tone when the RR interval was constant (8) . These data support suggestions that the autonomic nervous system participates in the modulation of QT interval. However, the relation between each autonomic activity and changes in QT interval through a day remains to be fully elucidated.
Common marmosets have been in the limelight as experimental animals for early-stage QT risk assessment because of their small size and minimal test article requirements (9) . We have previously demonstrated that a marmoset telemetry model has an appropriate sensitivity for evaluating the risk of drug-induced QT interval pro- (10 -12) . In these studies, the QT and RR intervals exhibited apparent diurnal variability; they increased at the onset of dark period. Additionally, QTc interval, which effectively dissociates changes in heart rate, also increased by approximately 10 ms during the dark period (10) . Since the threshold of regulatory concern for changes in QTc intervals is set at 5 -10 ms in clinical evaluation (13) , it is indispensable to clarify physiological factors causing the increase in QTc intervals during dark periods.
Involvement of the Autonomic Nervous System in Diurnal Variation of Corrected QT Intervals in Common Marmosets
In the present study, we thus hypothesized that changes in sympathetic and parasympathetic activities according to light-dark cycles modulates QTc interval in common marmosets. The purpose of the present study was to elucidate the involvement of each autonomic nervous activity in the diurnal variation of QTc interval and to determine the cause of QTc prolongation during the dark period. A power spectral analysis of heart rate variability (HRV) was applied to quantify each autonomic tone, and the effect of propranolol, a β-adrenergic receptor antagonist, or atropine, a muscarinic receptor antagonist, on QTc interval was investigated in telemetered common marmosets.
Materials and Methods

Animals
Six common marmosets (3 males and 3 females) weighing 270 -344 g (CLEA Japan, Inc., Tokyo) were used in this study. All animals were housed individually in stainless steel cages placed in an animal room on a 12:12 h light-dark cycle (lighting: 7:00 -19:00) with a temperature range of 24°C -31°C and a relative humidity range of 35% -75%. The animals were given solid food once daily and water available ad libitum. On the dosing day, the food was given between 5 and 7 h post-dose. Care of the animals and the protocols used complied with the "General Considerations for Animal Experiments" promulgated in Chugai Pharmaceutical Co., Ltd. and was approved by the Institutional Animal Care and Use Committee, which is accredited by the Association for Assessment and Accreditation of Laboratory Animal Care (AAALAC).
Surgical procedures
A telemetry transmitter (TL11M2-C50-PXT; Data Sciences International, St. Paul, MN, USA) was implanted in the peritoneal cavity of each animal under isoflurane anesthesia (0.5% -3%). The electrocardiogram (ECG) electrodes were implanted subcutaneously over the sternum and between the left 7th and 8th ribs (approximate lead II configuration). The animals were treated with analgesics (buprenorphine; 0.03 mg/kg, i.m.), antiphlogistics (flunixin meglumine; 2 mg/kg, i.m.), and antibiotics (cefazolin sodium; 10 mg/kg, i.p.) after surgery and allowed to recover for at least one month before use in this study.
Experimental protocol
Before administering vehicle or autonomic blockers, we collected ECG data continuously for 24 h to determine individual correction formulae. The animals were administered vehicle, propranolol (4 mg/kg) or atropine (10 mg/kg) with a 1-week interval between doses. Drugs were dissolved in sterile physiological saline (Otsuka Pharmaceutical Factory, Inc., Tokushima) and single boluses of 2 mL/kg of each solution were intraperitoneally administered to the animals at approximately 10:00 AM. Data were collected from 2 h before until 24.5 h after the dosing. The recordings were performed under quiet conditions except during scheduled periods of feeding, dosing, and cleaning of the animal rooms and cages. A transient decrease in body temperature (as much as 2°C) was observed after administering atropine, and the response recovered within 3 h. Propranolol did not affect body temperature (data not shown).
ECG data analysis
ECG signals were recorded with Dataquest ART data acquisition system (Data Sciences International) at 1 kHz and automatically analyzed using HEM version 4.1 (NOTOCORD Systems SAS, Croissy sur Seine, France). We calculated QTc intervals using the probabilistic analysis because the probabilistic QT-rate correction effectively can dissociate the effect of heart rate (HR) on QT interval (10) . All beat-to-beat QT and RR data were logged as the average of 10-s intervals and each mean value was used to calculate each individual QT ratecorrection. The individual QTc interval was obtained according to the following expression: QTc = RR
where QT raw is the uncorrected raw QT interval in ms, RR raw is the RR interval associated with the raw QT in ms, and RR ref is the reference cycle length in ms. The RR ref was set to a cycle length of 400 ms (150 beats/min) to reflect the prevalent resting heart rate in common marmosets (10) . The coefficient β was determined from the QT and RR data collected under nontreatment conditions in each animal vide infra. All beatmode QT and RR data were collected as the average of 10-s intervals over 20 h and grouped into 5-ms successive RR increments. The mean value of the QT interval distribution for each RR increment was used for derivation of an individual QT rate-correction, as described by Spence et al. (14) and as modified by Miyazaki and Tagawa (15) . The log-transformed QT-RR relationship for each individual animal was fitted with a linear regres-sion and the slope of the equation was obtained as the β value. The mean β value for the common marmosets used in this study (N = 6) was 0.4990 ± 0.0228 (0.4572 ± 0.0214 for males, 0.5408 ± 0.0201 for females).
ECG data were expressed as consecutive 5-min mean values to illustrate time-dependent diurnal changes. The experimental time line was adjusted so that 0 h represented the dosing time. Histograms for individual QTc values were derived from data collected at a 5-min logging rate during light and dark periods. The histograms did not include the outlier values of the interquartile range (IQR) of the histograms or data that could not be automatically analyzed by the analysis software, generally due to physiologic and/or environmental noise. There were no changes in QTc intervals from preadministration (between −1.5 and −1 h) of each dosing (data not shown).
Power spectral analysis of HRV
Off-line analysis was performed on an ECG processor analyzing system (Softron, Tokyo) for power spectral analysis. First, this system calculated the RR interval tachogram as the raw HRV. Data sets of 512 points were resampled at 100 ms from this tachogram. We then applied each set of data to the Hamming window and the fast Fourier transform to obtain the power spectrum of the fluctuation.
Drugs
Atropine sulfate salt monohydrate and propranolol hydrochloride were purchased from Sigma-Aldrich (St. Louis, MO, USA).
Statistical analysis
Data are presented as the mean ± S.E.M., and N equals the number of data. Descriptive statistics (mean, IQR, skewness, and kurtosis) of the QTc population histograms were calculated. Skewness and kurtosis are indices of asymmetry and peakedness (heaviness) of the distribution histograms. IQR was employed as a sensitive measure of the distribution because it accurately describes the range of data within a series without being overly influenced by discrete outlier values. The statistical significance was evaluated by Student's t-test when the variance was homogeneous or Welch's t-test when the variance was heterogeneous. Statistical procedures were performed by Analyze-It (Version 1.71; Analyze-It Software, Ltd., Leeds, England, UK) or a SAS system (Version 8.2; SAS Institute Japan, Ltd., Tokyo). Figure 1A shows the relation between QT and RR intervals from one subject in each 10-s diurnal photoperiod. The parameters obtained from each photoperiod were distributed separately; the QT intervals during the light period were shorter than those during the dark period. The time courses of changes in QT and RR intervals in consecutive 5-min intervals for 24 h were closely comparable; both increased during the dark period (Fig. 1B) . A slight prolongation of QTc intervals was also detected during the dark period (Fig. 1C) . Figure 2 presents the typical histograms of QTc intervals during the light and dark periods in the same subject shown in Fig. 1A . Table 1 summarizes the descriptive statistics of these histograms. QTc intervals are normally distributed, with the distribution during the dark period shifted to the right (i.e., a prolongation of QTc interval).
Results
Diurnal changes of ECG parameters
The mean values of QTc intervals during the light and dark periods were 138.6 ± 2.8 and 150.0 ± 2.1 ms, respectively.
Quantification of autonomic activities by power spectral analysis
Power spectral analysis of HRV is a noninvasive tool which can quantify the relative amount of activities of sympathetic and parasympathetic nerves innervating heart in various species including human (16 -19) . All the marmosets used showed a characteristic pattern in the power spectral analysis. One spectral peak was obtained below 0.4 Hz during the light period. In addition to the first peak, another peak appeared between 0.5 and 1.5 Hz during the dark period (Fig. 3) . On the basis of these data, two frequency bands of interest were decided: low frequency power (LF; 0.02 -0.4 Hz) and high frequency power (HF; 0.4 -2.0 Hz). Figure 4 shows the time courses for HR, HF, and LF/HF ratio before and after the administration of vehicle, atropine, or propranolol. During the dark period, HR and LF/HF ratio decreased, while HF increased. HR was increased by atropine, but was decreased by propranolol, during the light period (Fig. 4A) . However, these autonomic antagonists had no effects on it during the dark period. HF was decreased by atropine through 24 h, but not by propranolol (Fig. 4B) . In contrast, LF/HF ratio was decreased by propranolol during the light period (Fig. 4C) . Accordingly, the range of LF and HF defined in the present study were regarded to be appropriate for evaluating autonomic activities in common marmosets.
Effects of autonomic blockade on QTc intervals
Propranolol induced a prolongation of QTc intervals during the light period, but did not change them during the night period (Fig. 5: A and B) . In contrast, atropine shortened QTc intervals during the dark period, but had no effect on them during the light period (Fig. 5: A and B) .
Discussion
This study was designed to clarify the influence of the autonomic nervous system on QTc interval and to elucidate the cause of QTc prolongation during dark period in common marmosets. To quantify the sympathetic and parasympathetic tone, we applied a power spectral analysis of HRV to telemetered common marmosets and confirmed that the parasympathetic tone was increased during the dark period in common marmosets. The muscarinic receptor antagonist atropine inhibited the prolongation of QTc intervals during the dark period, implying that the enhanced parasympathetic activity leads to the QTc prolongation in the nighttime. In contrast, the β-adrenoceptor antagonist propranolol prolonged QTc intervals during the light period, suggesting that the sympathetic nerve plays a role of shortening QTc intervals in the daytime. Accordingly, the balance of sympathetic and parasympathetic tone seems to be intimately involved in the diurnal variation of QTc inter- vals in common marmosets. To our knowledge, this is the first study specifically demonstrating the involvement of the autonomic nervous system in diurnal variation of QTc intervals.
In the present in vivo study, the parasympathetic function was shown to increase QTc intervals; however, the mechanism remains unclear. The prolongation of QTc intervals during the dark period was reduced by atropine, indicating that muscarinic receptors mediate the QTc prolongation. However, the direct parasympathetic effect has a small influence on ventricular function in mammalian hearts; muscarinic agonists induce negative Fig. 3 . Representative spectral powers for heart rate variability during light (A) and dark (B) periods. ECG data for a 10-min period in light (11:00) and dark (23:00) periods were analyzed. Values depict the mean QTc intervals, interquartile range (IQR), coefficients of variation (CV), skewness, and kurtosis during light (11:00 -18:00 and 8:00 -11:00 the next day) and dark (20:00 -6:00 the next day) periods. Data represent the mean ± S.E.M. (N = 6). *P < 0.05: Statistically significant difference between light and dark periods. inotropic effects in the atria, but not in the ventricles (20, 21) . Therefore, the QTc prolongation observed during the dark period might be due to an indirect effect of acetylcholine, although the direct effect of muscarinic agonists on ventricular repolarization in common marmosets has not been investigated yet. Further studies are required to clarify the detailed mechanism underlying the parasympathetic effects on QTc intervals. Several in vitro studies have demonstrated direct sympathetic effects on the ventricles. Isoproterenol, a β-adrenoceptor agonist, shortened action potential duration (APD) in dog (22) and cat ventricles (23) . Protein kinase A activated by β 1 -adrenoceptor stimulation phosphorylated cardiac slowly activating delayed rectifier K + (I Ks ) channels, which would enhance I Ks currents and shorten APD in the ventricles (24, 25) . Taken together, the cardiac sympathetic nerves are suggested to shorten QT intervals through their direct effects on ventricular cardiomyocytes.
Body temperature is known as one of the physiological factors modulating QT intervals. The prolongation of QT intervals under hypothermic conditions has previously been demonstrated in dogs (26) and humans (27) . However, atropine, which shortened QTc intervals during the dark period, did not raise the body temperature, but rather caused a transient reduction of it, and propranolol, which prolonged QTc intervals during the light period, had no effects on the body temperature. It is therefore unlikely that the influences of the autonomic nervous system on QTc intervals are due to changes in body temperature.
Atropine increased the HR during the light period, but not during the dark period. In contrast, cardiac parasympathetic tone was suggested to be more active during the dark period than during the light period, since the HF area of the spectral profile was more largely decreased by atropine during the dark period than during the light period. We do not have a clear explanation for this discrepancy. Propranolol as well as atropine had no effect on the HR during the dark period, indicating that the sympathetic tone was low during dark period, which was also estimated by the low LF/HF. In addition, the HR during the dark period was lower than that during the light period. Thus, the HR during dark period may be on the lowest level, on which acetylcholine produces no further inhibition. Alternatively, other negative chronotropic mechanisms independent of muscarinic receptor activation may be involved in the regulation of the HR during the dark period. In any case, the parasympathetic nerve appears to affect the HRV, but have a little effect on the mean HR, during the dark period in common marmosets.
In summary, the present study showed that the sympathetic/parasympathetic nervous systems are involved in diurnal variation of QTc intervals in common marmosets. The enhanced parasympathetic nervous activity during the dark period induces a slight but significant QTc prolongation. Since a small increase in QTc interval is viewed as a concern for drug development, the change of each autonomic nervous activity could influence the risk assessment of QTc prolongation. To assess QT risk precisely in a telemetry study, it would be important to consider the balance of autonomic nervous function. 
